Detailed polarized spectral properties of a 0.685 at. % Nd 3 :Sr 3 Y 2 BO 3 4 crystal grown by the Czochralski method have been investigated, including the absorption cross section, the emission cross section, and the fluorescence lifetime. The anisotropy of the spectral properties in different polarized directions was discussed thoroughly. The absorption and emission spectra of Nd 3 are found to be inhomogeneously broadened due to its internal disordered lattice. Additionally, the CW laser operation at 1.06 μm was also demonstrated for the first time. The maximum output power of 905 mW was achieved, with corresponding optical conversion efficiency of 10.8% and slope efficiency of 12.8%.
Introduction
Recently, the rapid development of ultrashort laser pulse technology has triggered great progress on the frontier of many fundamental sciences. It has now been found that ultrashort laser pulses have got wide applications in telemetry, microcosmic exploration, high-temperature plasma generation, etc. Therefore, many new ways to search for favorable solid-state laser materials have been explored to achieve efficient and compact high-energy ultrafast laser sources. Among these methods, disordered Nd 3 -doped crystals have attracted much attention as a new type of medium for ultrafast lasers at 1.06 μm. Compared to traditional Nd 3 -doped crystals, disordered host crystals will induce broad absorption and emission spectra due to their different crystal fields, which are caused by the random distribution of activator ions at the substitutional lattice sites. The broad absorption and fluorescence spectra of the disordered crystals thus favor efficient diode pumping and ultrashort pulse generation [1] [2] [3] [4] .
In this paper we focus on a new class of laser gain media with the general formula M 3 Re 2 BO 3 4 , where M Ca, Sr, or Ba and Re Y, La, or Gd. In the past decades rare-earth-doped M 3 Re 2 BO 3 4 crystalline materials have attracted a great deal of research interest. Several members of rare-earth (Yb 3 , Nd 3 , Er 3 )-doped M 3 Re 2 BO 3 4 (M Ca, Sr, Ba; Re Y, La, Gd) were investigated earlier [5] [6] [7] [8] [9] [10] [11] , and the corresponding growth experiments showed that large-sized rare-earth-doped M 3 Re 2 BO 3 4 laser crystals can be grown well by using the Czochralski method, and the absorption and emission spectra are strongly inhomogeneously broadened due to the disordered lattice. The broad spectrum features a very efficient pumping and the production of ultrashort pulses [12, 13] .
Sr 3 Y 2 BO 3 4 belongs to the family of M 3 Re 2 BO 3 4 crystals, which crystallizes in the orthorhombic system with space group Pnma. The unpolarized absorption and emission spectra of Nd 3 :Sr 3 Y 2 BO 3 4 were investigated before; the results show that Nd 3 :Sr 3 Y 2 BO 3 4 crystal is a potential laser material for diode laser pumping [5] . However, in those works the spectral information is limited by its unpolarized spectra and, most importantly, the laser performance has not been evaluated so far. Thus, in this work, a detailed polarized spectral measurement has been conducted and the laser demonstration of Nd 3 :Sr 3 Y 2 BO 3 4 crystal are reported for the first time, to our knowledge.
Experiment Procedure

A. Measurement of Effective Segregation Coefficients
The concentrations of elemental Nd, Sr, and Y in the crystal were measured using an x-ray fluorescence spectrometer (Primus II) with which the relative standard deviation is less than 1%. Based on the measurements, the effective segregation coefficients of elemental Nd, Sr, and Y in the crystal growth process were calculated. The measured sample, cut from the as-grown Nd 3 :Sr 3 Y 2 BO 3 4 crystal, was ground into powder for use in an x-ray fluorescence analysis apparatus (Primus II). The polycrystalline material used for growing the Nd 3 :Sr 3 Y 2 BO 3 4 crystal was employed as a comparison sample.
B. Spectral Measurement
A rectangular prism with dimensions of 5.44 mm × 6.30 mm × 7.00 mm (a × b × c) was cut from the as-grown crystal. All the surfaces of the sample were polished for the spectroscopy experiments. The polarization spectrum of the crystal was measured with incident light polarization parallel to the a, b, and c axes using a JASCO V-570 ultraviolet/visible/nearinfrared (UV/Vis/NIR) spectrophotometer at room temperature over the wavelength range of 350-1000 nm. The fluorescence spectra from 850 to 1500 nm at room temperature and 77.3 K were recorded by a spectrofluorimeter (Edinburgh Instruments, FLS920). The excited source is a 450 W stable xenon lamp with a wavelength of 355 nm. The fluorescence decay curve at 1064 nm was measured with the same spectrofluorimeter, which was pumped by a 10 ns pulsed optical paremetric oscillator laser (Opolette 355 II) with a wavelength of 355 nm.
C. Laser Performance
With the laser sample cut along the b axis, CW laser operation was demonstrated by using a planoconcave resonator. The experimental laser setup is shown schematically in Fig. 1 . The pump source was a fiber-coupled laser diode (LD) with the emission wavelength centered at 808 nm. The output beam of the LD was focused onto the Nd 3 :Sr 3 Y 2 BO 3 4 sample with a spot radius of about 0.2 mm and a numerical aperture of 0.22, achieved by using a focusing lens. The length between M1 and M2 is about 22 mm. M1 is a plane mirror that is antireflection coated at 808 nm on the pump face, high reflectance coated at 1.06 μm, and high-transmittance coated at 808 nm on the other face. The output coupler M2 is a concave mirror with a radius of curvature of 200 mm, and the output transmission is 2.0% at 1.06 μm. The sample was cut to the dimensions 3 mm × 3 mm × 5 mm, and the 3 mm × 3 mm faces that are perpendicular to the b axis were polished. During the experiment, the crystal was wrapped with indium foil and mounted on a copper block cooled by water. The cooling water was maintained at a temperature of 6°C. 
Results and Discussion
A. Effective Segregation Coefficients
where c 1 and c 2 are the respective concentrations of the ions in the crystal and raw materials. From Table 1 , it can be seen that the effective segregation coefficients of elemental Sr and Y in the 
B. Spectroscopic Characteristics
The polarized absorption spectrum of the 0.685 at. % Nd 3 -doped Sr 3 Y 2 BO 3 4 crystal over the range of 330-1000 nm is shown in Fig. 2 . E represents the electric field of the incident light. Figure 3 shows an enlargement of the 720-910 nm region for clarity. Obviously, the polarization spectrum helps to gain a better understanding of the optical properties of Nd 3 :Sr 3 Y 2 BO 3 4 in contrast with the previously measured unpolarized spectrum. It can be seen from the two figures that the absorption spectrum shows a relatively strong directional dependence of the polarization due to the effect of anisotropy. From Fig. 3 , it can be seen that the absorption is strong for E‖a polarization, and the peak absorption cross section at 806 nm is about 2.605 × 10 −20 cm 2 with a broad bandwidth (FWHM) of about 16 nm. For the E‖b and E‖c polarizations, the maximum absorption cross sections near 805 nm are 2.531 × 10 −20 cm 2 and 2.394 × 10 −20 cm 2 and the bandwidths (FWHM) are 17 and 16 nm, respectively. The wide bandwidth signifies that Nd 3 :Sr 3 Y 2 BO 3 4 is quite suitable for diode pumping and indicates inhomogeneous broadening behavior [14] , which is probably due to the structural disorder of the crystal.
The Judd-Ofelt (J-O) theory is applied to analyze the room temperature absorption spectra [15, 16] , since the J-O theory and its extension have become the most widely used method for the analysis of spectroscopic properties of rare-earth-ion-doped crystals and glasses. Thus, only the calculational results are presented; the detailed calculation procedure is similar to that reported in [1] . The reduced matrix element of the unit tensor operators used in the fitting can be found in [17] . The refractive index used for the calculation was taken to be roughly 1.74 [5] . The measured transition-line intensity and oscillator strength, denoted by S exp and P exp , respectively, are listed in Table 2 . The calculated J-O intensity parameters Ω t (t 2, 4, 6) are listed in Table 3 . For a biaxial crystal, the effective J-O intensity parameters are defined as in [18] , and their values are also listed in Table 3 . Table 4 shows the Ω t (t 2, 4 and 6) values for Nd 3 :Sr 3 Y 2 BO 3 4 obtained in this work and makes a comparison with the same parameters for other Nd-doped crystals [1, [19] [20] [21] [22] . It is known that the value of the intensity parameter Ω 2 depends on the structure and the coordination symmetry of a crystal. Generally, the higher the value of Ω 2 , the larger the fraction of covalent bonding the compound , it increases with increasing temperature, which indicates a glasslike behavior [8] . Thus, considering the two behaviors shown above, we can further conclude that Nd 3 :Sr 3 Y 2 BO 3 4 indeed exhibits a glasslike behavior, which conforms to the disordered structure of the crystal. In addition, we know that the value of the parameter Ω 2 has no practical effect on the emission properties of the crystal from the 4 F 3=2 state, as they mainly depend on the Ω 4 and Ω 6 parameters. The spectroscopic quality parameter X Ω 4 =Ω 6 is 0.75 is less than 1 and thus indicates that emission to the 4 I 9=2 manifold is more feasible than to the 4 I 9=2 manifold.
Using the calculated J-O intensity parameters, the radiative transition rate A J 00 →J 0 and fluorescence branching ratio β J 00 J of Nd 3 :Sr 3 Y 2 BO 3 4 are calculated, and the results along the three polarization directions are listed in Table 5 .
The radiative lifetime τ rad of the 4 F 3=2 manifold is the reciprocal of the total spontaneous emission probability from the manifold. For an anisotropic crystal, the total spontaneous emission probability is given as
So, the radiative lifetime of the 4 F 3=2 manifold for Nd 3 in Sr 3 Y 2 BO 3 4 is estimated to be 208.17 μs. The fluorescence decay curve of 4 F 3=2 is shown in Fig. 4 . By linear fitting, the fluorescence lifetime is found to be 75.8 μs, so the radiative quantum efficiency of the 4 F 3=2 manifold is about η 75.8=208.17 36.41%. We noticed that the fluorescence lifetime measured in our paper is significantly longer than that published in [5] . We believe that the fluorescence lifetime decreases when the concentration of Nd 3 ions increases because of the concentration quenching of Nd 3 .
The stimulated emission cross section σ e can be estimated from the measured fluorescence spectrum by the Füchtbauer-Ladenburg method:
where Iλ is the fluorescence intensity at wavelength λ and n is the refractive index, which was taken to be roughly 1.74 [5] . The room temperature and low temperature (77.2 K) fluorescence spectra are shown in Fig. 5 , and the emission cross-section values at the peak fluorescence wavelength are listed in Table 5 . The peak wavelength in the room temperature fluorescence spectrum for E‖c is located at 1064 nm and differs from the values obtained for E‖a and E‖b, which are shifted to 1063 nm, even though the FWHM at peak wavelength for the different polarization directions has the same value of 30 nm. Additionally, compared with the room temperature fluorescence spectra, the value of FWHM at 1063 nm in the 77.2 K unpolarized spectrum is 29 nm, showing a very small change. The broad bandwidth is similar to Nd:glass (20-30 nm), which can support pulses of less than 100 fs [24, 25] . Thus, such a large bandwidth shows that may also possibly be used in laser systems to produce femtosecond pulses [26] . It can be concluded that the broad room temperature absorption and emission bands together with the 77.2 K fluorescence spectrum show an inhomogeneous broadening behavior of the Nd 3 :Sr 3 Y 2 BO 3 4 crystal. Generally, the major broadening mechanisms at room temperature are homogeneous broadening from the thermal vibration of the lattice and inhomogeneous broadening from a disordered crystal lattice. While at a low temperature, the inhomogeneous broadening dominates due to the weakening of lattice vibration. Here we can find that the inhomogeneous broadening behavior plays a decisive role, not only at room temperature, but also at low temperatures. We know that Nd 3 :Sr 3 Y 2 BO 3 4 crystal is a homology of Nd 3 :Ca 3 Gd 2 BO 3 4 , and the inhomogeneous broadening behavior in the Nd 3 :Ca 3 Gd 2 BO 3 4 crystal has been discussed in our previous paper [8] . Thus, we believe that the inhomogeneous broadening of the Nd 3 lines is also attributed to the variation of the local crystal field surrounding the Nd 3 ions resulting from the high degree of structural disorder, in that Nd is a good candidate as a laser medium, especially in the femtosecond pulse field because of its very broad emission band.
C. Laser Performance
CW laser performance at 1.06 mm was demonstrated for the first time (to our knowledge). The output power under various incident power values was measured using a power meter, and the results are shown in Fig. 6 . The pump threshold of Nd 3 :Sr 3 Y 2 BO 3 4 is 1.35 W, and a maximum output power of 905 mW at 1.06 μm was achieved at a pump power of 8.36 W. An optical-to-optical conversion efficiency of 10.8% and a slope efficiency of 12.8% were derived from the linear part of the curve. It can be seen in Fig. 6 that the output power is not saturated when the incident power is 8.36 W, so higher output power may be achieved when the pump power is increased. In addition, the sample used in the laser experiment was not coated, and only one output coupling with 2.0% transmission was used in the experiment. Therefore, more efficient laser output can be realized if the sample and the transmission output coupling are optimized. With a spectrum analyzer, the emission spectrum was recorded and is shown in the upper left of Fig. 6 . From Fig. 6 , it can be seen that the laser band is centered at 1064 nm.
Conclusions
A large-sized and high-quality Nd 3 :Sr 3 Y 2 BO 3 4 crystal was grown by the Czochralski method. The complete set of spectral and laser performance has been characterized in detail. The effective segregation coefficient of Nd 3 was determined to be 1.375, which indicates that Nd 3 ions are comparatively easily doped into this crystal. The polarized absorption spectra, fluorescence spectra, and decay curve of Nd 3 :Sr 3 Y 2 BO 3 4 were measured. The results show that the absorption and emission spectra of Nd 3 have been inhomogeneously broadened, which is attributed to its inner disordered structure. For suitability as a match to LD pumping, the width of the absorption band around 808 nm is about 16 nm. The broad emission spectrum (FWHM 30 nm) shows that Nd 3 :Sr 3 Y 2 BO 3 4 can potentially be used to yield femtosecond laser pulses. From the J-O theory, the spectral parameters along different polarization directions were also calculated, showing anisotropic behavior. The radiative lifetime of the 4 
